assessed by recording lead II electrocardiogram after using Tell-Show-Do, a behavior shaping technique. Comparison between groups was done using Mann-Whitney and Wilcoxon test. Demographic variables like age, height, weight and body mass index were similar between groups. Results: Among time domain parameters, SD of all NN intervals, square root of the mean of the sum of squares of differences between adjacent NN intervals and percentage of count of number of pairs of adjacent NN intervals differing by more than 50 ms were reduced in ADHD group with p < 0.05. Among frequency domain parameters, total power was reduced in ADHD group with p < 0.05, high frequency power (HF) was reduced in ADHD group with p < 0.01 and low frequency power to HF ratio was higher in ADHD group with p < 0.01. Conclusion: There is autonomic dysfunction in children with ADHD -reduction in overall HRV with sympathovagal imbalance with sympathetic dominance.
The constellation of deficits seen in ADHD includes inattention, hyperactivity, impulsivity, behavioral disinhibition and deficient self-regulation of emotions [2] .
Various neuropsychological and neuroimaging studies have shown that there is a hypofunctional prefrontal cortex in ADHD, which is the neurobiological basis for the various symptoms seen in these individuals [3] [4] [5] . The dorsal and lateral portions of the prefrontal cortex regulate attention and motor responses while the ventral and medial portions of the prefrontal cortex regulate emotions, and the right inferior prefrontal cortex is specialized for behavioral inhibition [6] . Medial prefrontal cortex along with insular cortex also plays a vital role in higher order autonomic control [7, 8] . Inattention, hyperactivity, emotional dysregulation and behavioral disinhibition seen in children with ADHD may be due to the hypofunctioning of prefrontal cortex [3] [4] [5] . There is a possibility that higher order autonomic control by prefrontal cortex may also be impaired in ADHD affected individuals.
Dopamine and norepinephrine (NE) are dysregulated in ADHD and are the basis for pharmacotherapy [9] . NE is an important neurotransmitter in autonomic nervous system (ANS) for it acts as a postganglionic sympathetic neurotransmitter and also is responsible for the crosstalk between various components of central autonomic network [7] . Dysregulation of NE seen in ADHD may increase the possibility of autonomic dysfunction.
Porges [10] [11] [12] proposed the polyvagal theory relating autonomic function to behavior. It specifies 2 distinct branches of vagus nerve: vegetative vagus and smart vagus. Vegetative vagus plays a vital role in the primary survival strategy of primitive vertebrates, amphibians and reptiles, which freeze when threatened. In contrast, smart vagus is mammalian and modulates sympathetic response in the service of social affiliative behavior and emotional regulation. The smart vagus inhibits acceleratory sympathetic input to the heart when sustained attention and or social engagement are adaptive and it withdraws inhibitory influence on sympathetic nervous system when situation demands fight or flee response. This theory implies that functional deficiency of the smart vagus increases the risk of emotional lability, a hallmark of psychopathology. Attention and emotional regulation, which are one of the functions of smart vagus are impaired in ADHD. This implies that there may be a possibility of functional deficiency of vagus nerve in ADHD.
Hypofunctioning of prefrontal cortex and NE dysregulation seen in ADHD and a probability of functional deficiency of smart vagus implies that there is a possibility of autonomic dysfunction. Studying the nature of cardiac autonomic dysfunction present in ADHD, if any, facilitates better understanding of the neurobiology of ADHD and assessment as to whether these children are at an increased cardiovascular risk. These may aid in treatment planning, follow-up care and improving the quality of life of children with ADHD.
Heart rate variability (HRV), the beat to beat variation of heart rate, is the result of the dynamic interplay of the sympathetic and parasympathetic inputs to the sinoatrial node [13, 14] . It is an important non-invasive tool to study cardiac ANS [13, 15, 16] . Higher HRV reflects good adaptability to environmental and physiological needs while lower HRV indicates possible cardiovascular risk. Sympathovagal imbalance characterized by reduced vagal activity or increased sympathetic activity signifies cardiovascular morbidity [2] .
There is evidence as illustrated by HRV that the sympathovagal balance is affected in various psychiatric disorders [17, 18] . Some studies have assessed HRV in ADHD and have shown that there is autonomic dysregulation. Studies carried out by Shibagaki and Furuya [19] , Beauchaine et al. [20] , Buchhorn et al. [21, 22] and Musser et al. [23] showed decreased vagal tone in ADHD. However, studies carried out by Börger et al. [24] , Crowell et al. [25] , Negrao et al. [26] and Wang et al. [27] show that there is parasympathetic overarousal in ADHD. In addition, a study carried out by Lackschewitz et al. [28] in ADHD showed no difference in sympathovagal balance.
In a systematic review, Rash and Aguirre-Camacho [2] opined that cardiovagal control was lower in ADHD but no conclusions can be drawn because there are limited studies and results are not unanimous. Hence, the present study was aimed at assessing HRV in children with ADHD. We hypothesized that there is autonomic dysfunction -a reduction in overall HRV and sympathovagal imbalance in children with ADHD and tested it. 83 chiatry team in the outpatient department, NIMHANS, during the study period. Out of 270 ADHD cases, 12 cases fulfilled study criteria and out of 12, only 10 cases participated in the present study. Equal numbers of age-and gender-matched healthy children were recruited as controls. Sample size was 20 (cases = 10, age-and gender-matched healthy controls = 10) based on availability sampling. Inclusion criteria were children fulfilling DSM-IV criteria for ADHD, age between 7 and 12 years of either gender and drug naïve. Exclusion criteria was any associated comorbid psychiatric/neurological/medical disorders as per the clinical assessment by child and adolescent psychiatrist. Our study criteria were stringent because we wanted to see the direct relation between ADHD and ANS and minimize the confounding factors. Only drug-naïve ADHD cases were included in the study because the medications prescribed for ADHD are sympathomimmetics and may influence the autonomic measures. Methylphenidate is a NE re-uptake inhibitor; guanfacine is a selective alpha2A adrenergic receptor agonist [9] and clonidine is a nonspecific alpha-2 presynaptic agonist [3] . We excluded children who had comorbid neurological, psychiatric and medical disorders because many of these disorders are associated with autonomic dysfunction. Various psychiatric disorders such as anxiety disorders, depression and schizophrenia are associated with reduction in overall HRV with sympathovagal imbalance with sympathetic dominance [18, 29] . One of the most common pediatric neurological disorder epilepsy is associated with cardiac autonomic dysfunction [30] . Neurodevelopmental disorders such as familial dysautonomia, Allgroove syndrome, Long QT syndrome, autism, Fragile X syndrome and Rett syndrome; mitochondrial myopathies and metabolic disorders such as type 1 diabetes mellitus, Addison's disease and thyroid disorders seen in the pediatric population are also associated with autonomic dysfunction [31] .
The parents of the research subjects were explained about the nature of the study and an informed written consent was obtained. A detailed history, clinical examination and anthropometric measurements were done for the recruited subjects. Tell-Show-Do, a technique of behavior shaping, was employed to establish communication with the child and perform the test. This involved explaining the procedure in a known language using phrases appropriate to the developmental level of the child (tell), demonstration of the procedure (placing 3 electrocardiography [ECG] electrodes on the thorax of the child's parent or guardian for a few minutes) (show) and, then, performing the actual procedure on the child (do) [32] .
According to a study by Kim et al. [33] , heart rate and ratio of low frequency power to high frequency power (LF/HF) ratio showed a diurnal pattern, with a minimum value during nocturnal sleep, a sharp increase upon waking in the morning and a maximum value in the afternoon (working time). Hence, the ECG recording was done for all the subjects in the present study between 9.00 a.m. and 11.00 a.m. in the morning to ensure that diurnal variation in HRV is similar between all the study subjects. Resting lead II ECG was recorded for 15 min in the autonomic laboratory, Department of Neurophysiology, NIMHANS. The subjects were allowed to rest in the supine position for about 15 min to obtain steady-state hemodynamics before the commencement of the ECG recording. The lab has an analogue digital converter (Power Lab, 16 channels data acquisition system, AD Instruments, Australia) with a sampling rate of 1,024 Hz, through which the ECG signals are conveyed. The data acquired were stored in a personal computer and analyzed offline with the help of HRV Analysis Software version 1.1 (Power Lab AD Instruments, Australia).
An ectopic free 5 min segment was selected from the 15 min ECG recording and analyzed to get time and frequency domain parameters (linear methods) of the short-term HRV according to the standards established by the Task Force of the European Society of Cardiology and The North American Society of Pacing and Electrophysiology (1996) .
Time Domain Measurement of Short-Term HRV:
With time domain measurement of HRV, either the heart rate at any point of time or the intervals between successive normal complexes are determined. In the ECG, each QRS complex is detected, and then, all the intervals between adjacent QRS complexes (NN/normal to normal intervals) resulting from sinus node depolarization and instantaneous heart rate are determined. The components of time domain measurement of short-term HRV are heart rate, mean of all normal to normal intervals, SD of all NN intervals (SDNN), square root of the mean of the sum of squares of differences between adjacent NN intervals (RMSSD), count of number of pairs of adjacent NN intervals differing by more than 50 ms (NN50) and percentage of NN50 count of all NN intervals (pNN50). SDNN is sensitive to all sources of heart rate variation and represents overall HRV while RMSSD, NN50 and pNN50 are most sensitive to parasympathetic activity/vagal tone [13, 16] .
Frequency Domain Measurement of Short-Term HRV
In order to get deeper insight into the dynamics and components of HRV, frequency domain of HRV was measured using a more advanced second order statistics known as power spectral density (PSD) analysis. With PSD analysis, heart rate signal is decomposed into frequency components and quantified in terms of their relative intensity termed as 'power'. PSD analysis is one of the spectral methods, which provides the basic information as to how overall HRV, the power (i.e., variance of RR intervals or heart rate), is distributed as a function of frequency into different components. Fast Fourier transformation was then employed to provide frequency-specific information of heart rate behavior. The components of frequency domain of short-term HRV are total power (TP), sum of the constituent frequencies; HF, the power of frequency band ranging from 0.15 to 0.4 Hz; LF, the power of frequency band ranging from 0.04 to 0.15 Hz; HF in normalized units (HF nu); LF in LF normalized units (LF nu); and LF/HF ratio, the ratio of the power of LF component to the power of HF component. TP is sensitive to all sources of heart rate variation reflecting overall HRV. HF is sensitive to parasympathetic/vagal tone while LF is sensitive to both sympathetic and parasympathetic tone but predominantly sympathetic tone for practical purposes. LF/HF ratio signifies sympathovagal balance. An increase in LF/HF ratio signifies sympathetic dominance while a reduction in LF/HF ratio signifies parasympathetic dominance [13, 16] .
Statistical Analysis
Frequency domain and time domain parameters of short-term HRV were tested for normal distribution. The data did not follow normal distribution, and hence, the comparison between ADHD subjects and healthy controls was done using non-parametric Mann-Whitney and Wilcoxon test. Spearman rank correlation coefficient was used to calculate the correlation between shortterm HRV and confounding variables such as age, height, weight and body mass index (BMI). 
Results

Clinical Profile and Demographic Details
Among the 20 study subjects, 10 were children with ADHD (ADHD group) and other 10 were age-and gendermatched healthy controls (control group). There were 8 males and 2 females in either group. In ADHD group, 9 had ADHD combined type and 1 had ADHD predominantly inattention type. The demographic variables like age, height, weight and BMI were statistically similar between ADHD group and control group and are represented in table 1 .
Time Domain Measures
Time domain measures of short-term HRV are represented in table 2 . SDNN was statistically significantly reduced in ADHD group with p = 0.017. RMSSD was statistically significantly reduced in ADHD group with p = 0.019. In addition, pNN50 was statistically significantly reduced in ADHD group with p = 0.041.
Frequency Domain Measures
Frequency domain measures of short-term HRV are represented in table 3 . TP was statistically significantly reduced in ADHD group with p = 0.028. LF was reduced in ADHD group but was not statistically significant. HF was statistically significantly reduced in ADHD group with p = 0.008. LF in normalized units was higher in ADHD group but was not statistically significant. HF in normalized units was reduced in ADHD group but was not statistically significant. LF/HF ratio was statistically significantly higher in ADHD group as compared to control group with p = 0.003.
Non-Parametric Correlation Analysis between Time Domain Measures of HRV and Confounding Variables: Age, Height, Weight and BMI
Correlation analysis between time domain measures and confounding variables like age, height, weight and BMI using Spearman's rank correlation coefficient is represented in table 4 . There was no statistically significant correlation between time domain measures of short-term HRV and age, height and weight. There was significant negative correlation between BMI and SDNN with p = 0.007. There was significant negative correlation between BMI and RMSSD with p = 0.043.
Non-Parametric Correlation Analysis between Frequency Domain Measures of HRV and Confounding Variables: Age, Height, Weight and BMI
Correlation analysis between frequency domain measures and confounding variables like age, height, weight and BMI using Spearman's rank correlation coefficient is represented in table 5 . There was no statistically significant correlation between frequency domain measures of short-term HRV and age, height and weight. There was significant negative correlation between BMI and TP with p = 0.002. There was significant negative correlation between BMI and LF with p = 0.000 and BMI and HF with p = 0.012.
Discussion
The study results of time domain and frequency domain measures of short-term HRV in children with ADHD and age-and gender-matched healthy controls supports our hypothesis that there is autonomic dysfunction -a reduction in overall HRV with sympathovagal imbalance, in children with ADHD.
Among time domain parameters, SDNN, RMSSD and pNN50 were reduced in ADHD group with p < 0.05. A reduction in SDNN signifies a reduction in overall HRV while a reduction in RMSSD and pNN50 signifies a reduction in parasympathetic activity [13] . Similar results were obtained in studies carried out by Buchhorn et al. [21, 22] in which RMSSD and pNN50 were lower in ADHD cases as compared to controls. However, groups did not differ in SDNN in that study unlike our study. The present study results are in contradiction to results of studies carried out by Lackschewitz et al. [28] and Negrao et al. [26] . In the study carried out by Lackschewitz et al. [28] , SDNN and RMSSD values in adults with ADHD were not statistically different from control group. In the study carried out by Negrao et al. [26] , RMSSD was higher in ADHD children as compared to controls. Among frequency domain parameters, TP was reduced in ADHD group with p < 0.05, HF power was reduced in ADHD group with p < 0.01 and LF/HF ratio was higher in ADHD group with p < 0.01. A reduction in TP signifies a reduction in overall HRV. A reduction in HF power signifies reduced parasympathetic activity. An increase in LF/HF ratio signifies that there was sympathovagal imbalance with sympathetic dominance [13] . Similar results were obtained in studies carried out by Shibagaki and Furuya [19] and Beauchaine et al. [20] . In the study carried out by Shibagaki and Furuya [19] , high frequency component of HRV was reduced in children with ADHD as compared to controls during baseline and listening tasks. In the study carried out by Beauchaine et al. [20] , high frequency component of HRV was significantly lower in ADHD/conduct disorder group compared to ADHD and control group during baseline. High frequency component of HRV in children with ADHD was also lower than controls but was not statistically significant. The study results are in contradiction to results of studies carried out by Börger et al. [24] , Lackschewitz et al. [28] , Negrao et al. [26] and Wang et al. [27] . In the study carried out by Börger et al. [24] , the high frequency component was higher in ADHD affected children as compared to healthy children. In the study carried out by Lackschewitz et al. [28] , there was no statistically significant difference in LF (nu), HF (nu) and LF/HF ratio between ADHD adults and controls. In the study carried out by Negrao et al. [26] , one of the time domain measures of HRV, RMSSD, was higher in stimulant-free ADHD children as compared to controls but there was no statistically significant difference in frequency domain measures. In the study carried out by Wang et al. [27] , only the preschool aged boys with inattentive and hyperactive features had decreased LF and increased HF but not the girls.
In addition, our study showed that there is statistically significant negative correlation between BMI and overall HRV (SDNN and TP), parasympathetic activity (RMSSD and HF) and sympathetic activity (LF). This is supported by a study carried out by Baek et al. [34] which shows that SDNN, RMSSD and HF are reduced in individuals with high BMI.
Evidence from neuropsychological studies and functional brain imaging studies such as single-photon emission CT, functional MRI and positron emission tomography in individuals with ADHD have shown that neural activity is reduced in prefrontal cortex [3, 6, 35] . Interestingly, this area is involved in generation of autonomic tone and plays a vital role in higher order autonomic control [7, 8] . Noradrenaline, one of the important catecholamines, the optimal levels of which are essential for both the functioning of prefrontal cortex and cross talk between various components of central autonomic net- work is also dysregulated in ADHD [6] [7] [8] . Hypofunctioning of the prefrontal cortex and dysregulation of catecholamines might have been responsible for the autonomic dysfunction -reduction in overall HRV and sympathovagal imbalance, seen in children with ADHD. Reduced vagal tone observed in children with ADHD might be as a result of functional deficiency of smart vagus, for this plays a vital role in carrying the parasympathetic output of the central autonomic network, social affiliation, sustained attention and emotional regulation [10] [11] [12] . Thus, it is plausible that disrupted autonomic regulation seen in children with ADHD might be central in origin. Furthermore, in our study, children with ADHD did not have any comorbidity and were drug naive suggesting less likelihood of result being confounded by other variables. Limitation of the present study was that the sample size was low. A larger sample size would have been better to validate the study results. However, it is practically challenging to get a larger sample of ADHD children who are drug naïve and do not have any comorbid disorders because a significant number of ADHD children have a high rate of comorbid psychiatric or neurological disorders such as oppositional defiant disorder, conduct disorder, anxiety disorders, learning disorders, Tourette's disorder, mood disorders or epilepsy [3, 36, 37] .
Our study helped in unraveling the nature of cardiac autonomic dysfunction present in children with ADHD. This facilitates better understanding of the neurobiology of ADHD. It also signifies that the children with ADHD are at an increased cardiovascular risk for a reduction in overall HRV, reduced vagal activity or increased sympathetic activity positively correlated with an increased incidence of cardiovascular comorbid conditions [2] . In addition, in a systematic review by Martinez-Raga et al. [38] , the reviewers opine that there is a minimal risk for serious cardiovascular adverse events with stimulants prescribed for ADHD, although the benefits outweigh the risks. This suggests that children with ADHD should be followed up regularly for cardiac evaluation and great caution is preferable while considering medical line of treatment for ADHD affected individuals with personal or family history or other known risk factors for cardiovascular disease. All these may aid in treatment planning, follow-up care and improving the quality of life of children with ADHD. However, the findings of the present study cannot be generalized for it is limited by a small sample size. Further study with a larger sample size needs to be carried out to validate these findings.
